Abstract. There is no golden standard for the evaluation of tumor aggressiveness in pathology. This results in a high inaccuracy of both tumor grading and assessment of the progression risk as well as in unnecessary treatment of patients. Using some histological features of adenocarcinomas, a universal approach based on the circular fractal geometrical model and three global fractal dimensions of the Rényi family as the complexity measures of the spatial distribution of cancer cell nuclei in adenocarcinomas is proposed. This model is both geometrical and analytical. It can be used to select and calibrate the software for the image analysis. Both the global fractal dimension D0 and the global information dimension D1 allow the objective stratification of carcinomas into the classes of equivalence. The correlation coefficient between those two dimensions is about 0.95. The mean value of the global capacity fractal dimension D0 1.5820 defines a limit between low-grade prostate carcinomas with a well-preserved glandular structure and high-grade prostate carcinomas with more altered spatial distribution of cancer cell nuclei. This model has been validated by analyzing a large set of prostate carcinomas. According to the Bekenstein Bound, the amount of information present in the finite fractals representing the idealized distribution of cancer cell nuclei is limited, and changes linearly as 1 : 1.94 : 2.64. A similar relationship can be seen in changes of entropy S in a function of the D0. Entropy also increases in a linear manner with the coefficient of correlation 0.904 and, therefore, determines the natural course of disease. Finally, the circular fractals CF(6 + 0) and CF(6 + 1) have the same topology. This means that the corresponding patterns of growth, albeit with different histological structure, are generated by the same dynamic forces, and may reveal the same aggressiveness. Therefore, they should be classified in the high-risk category. This novel, objective approach enables a stratification of prostate carcinomas into a category of low, intermediate or high aggressiveness. The subjective tumor grading should also be simplified.
Introduction.
Tissue growth is a fundamental biological phenomenon that occurs simultaneously in both time and space [26, 24] . It comprises such processes as proliferation of cells, i.e., multiplication of a cell number, and maturation, i.e., modification of cell size, regulation of metabolism, expression of some tissue-specific proteins, or activation of some specialized functions by cells until the final cell phenotype emerges. Finally, cells self-organize into tissue structures of the higher order, such as glands, rosettes, or clusters. This is a characteristic spatial imprint of the dynamic temporal-spatial phenomena of growth and self-organization resulting from the multitude of intercellular interactions between epithelial cells and mesenchymal stroma [11] . Diverse molecular signaling pathways cooperate in the initiation and progression of the epithelial-mesenchymal transition and mesenchymal-epithelial transition. This occurs through regulation at transcriptional, post-transcriptional, translational, and post-translational levels [15] . The strength of those interactions can be best exemplified by the morphological and molecular changes that occur in populations of malignant prostate epithelial cells growing in different microenvironments, such as in vitro culture or embryos [5] .
Malignant cells follow the same route to some extent. They can also form tissue structures of the higher order. If we know the typical features of normal cells and normal tissue architecture, it is possible to compare both tissues, and determine a degree of histological similarity. This degree of similarity is known as tumor grading. Grading systems differ in details depending on the type of malignancy. In the case of carcinomas, that is, malignant tumors of epithelial origin, tumor structure is usually graded as 1, 2, 3, or 4, depending on the degree of dissimilarity with the normal tissue. In the case of grade 1 well-differentiated carcinomas, malignant cells and their organization in glands appear to be close to normal. Those carcinomas tend to grow slowly and metastasize infrequently. Intermediate-differentiated carcinomas of grade 2, poor-differentiated carcinomas of grade 3 or non-differentiated carcinomas of grade 4 have cells or glands with more and more altered appearance. Non-differentiated carcinomas of grade 4 do not look like any normal counterpart, and, sometimes, their origin cannot be determined unequivocally. Those carcinomas grow rapidly and spread to lymph nodes or blood vessels faster than carcinomas with the lower grades.
In the case of prostate carcinomas, forty different grading systems were proposed (reviewed in [12] ). However, a system of grading according to Gleason criteria with at least seven grades is used most frequently [9, 18] . Prostate carcinomas are known for their tremendous morphological variability. According to the Gleason system, pathologists identify two, or sometimes even three, most frequent patterns of cellular organization. The primary pattern is the most common pattern of cell organization seen in the particular carcinoma, and the secondary pattern represents the next most common pattern, etc. In the first version of the Gleason system, each pattern was given a grade from 1 to 5, with 1 looking the most like normal prostate tissue and 5 looking the most abnormal. In the version of 2010, the grade 1 and 2 were eliminated because, except of biopsies, they were never seen in the surgical prostate specimen. In addition, pathologists attempt to evaluate a percentage of the tumor surface occupied by the given pattern. The two most frequent grades are then added to give a Gleason score [7, 6] . For example, 70% of the image surface occupied by the well-preserved glands of different sizes co-existing with pseudoglands (20%), and with cellular infiltrates (10%) produces the following Gleason score 3 + 4 + (5).
A study of natural history of different malignancies since the time of Virchow showed that the more altered tumor tissue architecture the more aggressive behavior of malignant cells and the greater their metastatic potential [8] . In this way, the subjective tumor grading became a measure of tumor aggressiveness; the most important parameter for the evaluation of tumor growth in space [10] . Unfortunately, both the lack of a golden pattern and standardization cause that the subjective evaluation of tumor aggressiveness has a significant inter-and intraobserver variability. For prostate adenocarcinomas, this variability is about 40%-80% [7, 6, 20] . This variability influences the accuracy of the risk assessment of tumor progression in any statistical model based on tumor grading, such as Kattan nomograms [13] , which is about 70%. A comparison of results between different patients or clinical centers is in this situation difficult, and has a limited reliability.
To deal with this problem, a number of experimental approaches was proposed. First, some comparative studies at the DNA, RNA, protein or organ level (MRI techniques) were conducted [3, 16, 17, 21, 23] . As might be expected, a correlation coefficient between the subjective tumor grading according to Gleason and the proposed biomarkers was rather low, in the range of 0.1-0.6. Assuming that a combination of clinical information and genetic one should yield clinical information with genetic information should yield better outcome predictions, two gene kits, the Oncotype DX one, examining the expression of 17 aggressive tumor-predictive genes in biopsy specimen [14] or the Myriad Prolaris Assay that examines the expression of 31 such genes [4] were offered recently. The future clinical studies will show if those kits do generate better prediction accuracy. Also, prostate MRI study remains nonspecific and biopsies must be performed anyway to confirm a cancer diagnosis and to evaluate tumor aggressiveness.
The reduction of inter-and intraobserver variability may occur in two ways. First, the histological evaluation of tumor aggressiveness can be done in the hierarchical system of pathologists known as a central register [19] . Second, the grading system could be simplified in such a manner that pathologist would define only two categories of carcinomas. The first one would be a category of carcinomas with a very well-preserved glandular structure predestinating patients to active surveillance. The second category would comprise carcinomas with more severe morphological alterations subject to immediate aggressive treatment. In the case of prostate cancer, this is one out of three pieces of information, besides PSA concentration and pTNM staging, that are relevant to the clinicians in order to make a decision: to treat or not to treat?
The elimination of that variability is possible only then, if pathologists get some supportive tools for computer image analysis. Those tools can generate the objective, quantitative measures characterizing patterns of tumor growth in space. Since there is no golden pattern in tumor pathology, a circular fractal model of prostate adenocarcinomas is proposed. This model is both geometrical and analytical. It is based on some characteristic features of the prostate adenocarcinoma structure, and allows a calculation of the values of the global fractal dimensions. In fact, that model seems to be universal enough to describe patterns of growth of any adenocarcinomas independent of tissue of origin. The goal of this study is to validate both the model for prostate adenocarcinomas and the resulting classes of equivalence as well as to justify the reduction of the number of grades used in the subjective Gleason system.
2.
A circular fractal model of adenocarcinomas. The fundamental idea of fractal geometry is to assume that the geometric variables, i.e., length, surface or volume and scale (reduction factor) do not vary arbitrarily but rather are related by a power law, in which the spatial fractal dimension is a coefficient, i.e., a power index of non-integer value relating scale and the number of pieces into which the entire structure can be divided during the similarity transformation.
Cancer cell nuclei can be easily identified by the specialized computer algorithms in the digitalized image of tumor tissue owing to both strong contrast and differences in nuclei shape of various cell types. From the geometrical perspective, a set of cancer cell nuclei is the set of the fragments of surface with the dimension 2.0 rather than the set of points with the dimension zero. Since that set undergoes some self-similar or self-affine transformation during tumor progression, one can expect that the distribution of cancer cell nuclei should possess structure of the finite stochastic fractal or multifractal, that is, fractals that scale with multiple scaling rules and D 0 > D 1 > D 2 . This structure will be characterized well by the global fractal dimensions with the mean values greater than 1.0 and lower than 2.0.
The idealized geometric model mimics the basic patterns of growth seen in natural history of adenocarcinomas. The cornerstone of the approach is a model composed of the circular fractals CF(3) or CF(4), CF(6+0), and CF(6+1). This model is both geometrical and analytical, i.e., its structure is well-defined, the capacity fractal dimension D 0 can be calculated for the infinite circular fractals, and the dimensions D 0 , D 1 , D 2 can be computed for their finite counterparts representing distribution of cell nuclei. The model enables a computation of the global fractal dimensions to be expected for the distribution of cell nuclei in a given carcinoma subtype, and, therefore, may serve as a frame of reference for a validation of the results of computation for the real images of carcinomas. In the case of adenocarcinomas with well-preserved, irregular and branched glands of different sizes, such as those in prostate adenocarcinomas with the Gleason score 3 + 3, cell nuclei, sparsely distributed along the gland outline, are several-fold smaller than glands (see Figure 1A and 1D). There are no infiltrating cancer cells. The geometric relationship of that pattern represents the circular fractal CF(3) or CF(4) (not shown in Figure 1 ), in which circles of different sizes and colors corresponding to the consecutive iterations depict a variety of gland sizes. Adenocarcinomas with small, regular, circle-like glands and with a component of cell infiltration are represented in the model by the circular fractal CF(6 + 0). This fractal represents a prostate carcinoma pattern with the Gleason score 4 + 4.
The circular fractal CF(6 + 1) represents carcinoma architecture, such as this seen in prostate carcinomas with the Gleason score 5 + 5. This pattern is defined as a disordered cell infiltration without gland-like structures. The black dots that mimic cell nuclei cover almost the entire surface and leave a minimal amount of free space [25] (see Figure 1) . Figure 1 . A universal, simplified and idealized model of the patterns of growth seen in natural history of adenocarcinomas. The surface is covered by a set of the two-dimensional fragments mimicking cell nuclei in such a manner that they reflect some geometrical features seen in the real images of carcinomas. The circular fractal model is both geometrical and analytical. It plays a role of the frame of reference during a choice of the software and its calibration. The model enables prediction of the expected mean values of the global fractal dimensions of the Rényi family, D0, D1, and D2 for each pattern. Also, complexity of those systems can be calculated and compared by using the Bekenstein Bound (Limit) formula. Finally, the identical topology suggests the same dynamic forces operate in the case of the patterns depicted in 1E and 1F. Therefore, both patterns represent, despite some structural differences, carcinomas of the same high-grade; a conclusion confirmed by the amount of information according to Bekenstein and the changes of entropy S in a function of the D0. There are shown three iterations of the infinite circular fractal CF(3) (A), CF(6 + 0) (B), and CF(6 + 1) (C), representing the spatial distribution of cancer cells nuclei in tumor architecture typical for the Gleason grade 3, 4, or 5, respectively. The model based on those three circular fractals reflects some geometrical features of (A) well-differentiated adenocarcinomas with the Gleason score 3 + 3 = 6, characterized by regular, circle-like glands of different sizes, and cancer cell nuclei much smaller than the size of glands as shown on Figure 1D 6 lx) were chosen in such a manner that the values of the capacity fractal dimension for the test image were in the plateau-area of the test curve (data not shown).
The color images in the bmp format with 1240 × 1000 pixels and resolution 150 × 150 dpi were first resized to the jpg format with 648 × 432 pixels and resolution 150 × 150 dpi. Cancer cell nuclei were isolated electronically using a package Definiens Tissue Map ver. 7.0 (Definiens, Munich, Germany), and stored as RPG images in the jpg format with 648×432 pixels, resolution 150×150 dpi. Both conversion to the 8-bit images and their thresholding to the binary images, that is, images having only 0 (black) and 255 (white) pixel values was performed using the Rényi Entropy filter of the open-source software Image J ver 1.48v (NIH, Bethesda, USA, http://imagej.nih.gov/ij/).
The images were analyzed by the computer algorithms measuring the global fractal dimensions of the Rényi family, i.e. capacity dimension D 0 and information dimension D 1 (Benoit 1.3, True Soft, USA, http://www.trusoft-international.com/benoit.html), and correlation dimension D 2 (Fractalyse 2.4, CNRS Université de Franche-Comté, France, http://www.fractalyse.org). The values of the global fractal dimensions generated by the computer algorithms were verified against the geometrical model [25] . Entropy was measured using Matlab R2012a and its Image Analysis Toolbox.
(ii) Statistical analysis. The statistical analysis including the ROC analysis was performed by Sigma Plot ver. 10.0 (http://www.sigmaplot.com, Systat Software Inc., San Jose, USA). The following aspects are important while analyzing a ROC curve. The ROC curve is a two dimensional graph. It represents a relationship between sensitivity of a statistical test (y-axis) in a function of 1-specificity of that test (x-axis). Sensitivity is defined as a rate of true positive events. The second quantity represents a rate of non-events that were falsely identified as positive events for the different cut-off values of a binary classifier, such as D 0 , D 1 or D 2 , etc. Second, the closer the ROC curve follows the y-axis, and then the top border of the ROC diagram, the more accurate the statistical test. The area under the ROC curve (AUC) is a probability of the test accuracy, i.e., a probability that the classifier discriminates between the elements of two sets correctly. The AUC of 1.0 denotes a perfect relationship between the data that belong to a given category and those that do not. Third, the closer the ROC curve comes to the diagonal of the ROC diagram, the AUC is closer to 0.5, which denotes that the test is not able to discriminate between two sets of data. The re-stratification of carcinomas on the basis of the fractal dimensions D 0 , D 1 , and D 2 into the complexity classes is equivalent to the task of the identification the cut-off values of the best classifier, i.e., the classifier generating the AUC of 1.
(iii) Inaccuracy of the subjective histological evaluation. Subjective evaluation of tumor aggressiveness causes that carcinomas are not classified in the predictable manner. Human eye and mind evaluate pretty well the homogeneous structure, such as wellpreserved prostate glands of a similar size (the Gleason score 3 + 3 = 6) or dense cellular infiltrates (the Gleason score 5 + 5). However, more complex patterns, such as those in borderline cases with the Gleason score 3 + 4 = 7a, 4 + 3 = 7b, 4 + 5 = 9 or 5 + 4 = 9 are classified with a significant inaccuracy [27] (compare Figure 2) . Frequently, it is almost impossible to match the real image to the grade definition. In those cases, regular gland structure mixes with small pseudoglands or with cell infiltrates to different extent. Those details cannot be easily evaluated by eye quantitatively. Yet, a different percentage of cellular infiltrates or small pseudoglands in the images may indicate differences in tumor aggressiveness and, in consequence, a different clinical course of the disease. There is a need for a quantitative and objective system of evaluation of tumor aggressiveness that might be used for a comparison of carcinomas, not only in prostate, but also in adenocarcinomas of the other epithelial tissues. (iv) Classes of equivalence. Measurements of the global fractal dimensions of the Rényi family in the real images with the application of different software based on the same computer algorithms shows that the results are not identical (see Table 1 ). This software is usually calibrated using very simple geometric objects, such as line, circle, triangle, or square. The results in those simple cases tally with theoretical calculations.
In the case of the complex images, some other factors, such as image positioning, a different number of iterations, a different size of the initial grid, grid rotation, and the way statistical analysis is performed, that have been defined arbitrarily by the programmers, lead to a discrepancy of the results. Also, a choice of the options within the software may influence the results of image analysis (see Table 1 ).
Benoit
Fractalyse Table 1 . A comparison of the global fractal dimensions D0 and D1 obtained by using Benoit, Fractalyse, or Image J software for ten consecutive prostate adenocarcinomas with a well-preserved glandular structure and the subjective Gleason score 3 + 4 = 7a. Since the circular fractal model is both geometrical and analytical, it enables a choice and a proper calibration of the software. The most consistent measurements of the D0 and D1 were produced by the software Benoit 3.1.
The application of the cut-off D 0 values to the re-stratification of carcinomas eliminates both the subjectivity and inaccuracy. In consequence, carcinomas can be restratified to the seven classes of complexity C1, C2, C3, C4, C5, C6, and C7 (Table 2 ). In the case of this analysis, the re-stratification was done in about 50% of carcinomas.
The complexity classes are unequivocally defined by the cut-off D 0 values. Those classes contain prostate carcinomas with the similar values of the dimension D 0 . As expected, each complexity class contains elements of the corresponding structural Gleason class and a number of carcinomas classified subjectively to the other structural Gleason classes that have the similar D 0 -values. Figure 3 presents each carcinoma of the set as a point on the 3D-scatter plot with D 0 , D 1 , and D 2 as variables. Table 2 summarizes results of the ROC analysis of the re-stratified set.
Class of
Sensitivity Specificity D 0 AUC p-value Equivalence C1 vs C2
1.00 1.00 1.5450 1.00 < 0.0001 C2 vs C3
1.00 1.00 1.5820 1.00 < 0.0001 C3 vs C4
1.00 1.00 1.6270 1.00 < 0.0001 C4 vs C5
1.00 1.00 1.6490 1.00 < 0.0001 C5 vs C6
1.00 1.00 1.6980 1.00 < 0.0001 C6 vs C7
1.00 1.00 1.7640 1.00 < 0.0001 Table 2 . A summary of the ROC analysis for the set of 173 prostate carcinomas characterized by the global fractal dimensions D0, D1, and D2 and re-stratified into the complexity classes as shown in Figure 3 . The D0-cut-off values define the limits between the classes. There are seven classes of equivalence. Those classes were constructed using a method of the re-stratification. It was done under the following condition: the parameters of the ROC analysis, i.e., area under curve, sensitivity and specificity had to be equal 1.0 (see Table 2 ). The classes C1, C4, and C7 contain carcinomas with the Gleason score 3 + 3, 4 + 4, and 5 + 5 and with relatively homogeneous tissue architecture as described above in Section 2.
4. The Bekenstein Bound, topology of the circular fractals and tumor aggressiveness. A comparison of the images presented in Figure 1D , 1E, and 1F suggests the existence of a significant difference in complexity between the interacting dynamic cellular systems represented by the circular fractal CF(3) and those represented by the fractals CF(6 + 0) and CF(6 + 1). It should be noticed that the patterns of growth depicted by those fractals represent some consecutive stages in natural history of prostate adenocarcinomas. Those stages are characterized by a loss of the regular spatial glandular architecture in the course of time. Those spatial patterns develop as a result of dynamic interactions at a variety of levels including the quantum one that determine the localization of cells in spacetime. In this sense, histological images of carcinomas are spatial imprints of the spatio-temporal phenomenon. The spacetime, in which growth and self-organization of dynamic cellular systems occur, is a fragment of the physical spacetime restricted by the principle of unitarity that ensures the sum of probabilities of all possible outcomes of any event during the temporal evolution of the physical system up to the quantum level is always 1. One of the consequences of unitarity is the Bekenstein Bound. That Bound imposes a limit on the amount of information present in any physical system including dynamic cellular systems interacting in the fractal spacetime [2] . Using mass energy equivalence, the Bekenstein Bound is given by the equation
in which I is the information expressed in number of bits contained in the quantum states of any physical system limited by the sphere of the radius R measured in meters, with a mass m in kg. The ln 2 factor comes from defining the information as the logarithm to the base 2 of the number of quantum states, h is the reduced Planck constant, c stands for the speed of light. If we imagine that those three cellular systems are immersed in the equal unit spheres, then either volume or mass of the entire tissue comprising both malignant epithelial cells and normal mesenchymal cells of stroma is approximately the same. However, if we consider only the network of malignant cells, it is clear that complexity of the systems represented by the circular fractals CF(6 + 0) and CF(6 + 1) is higher than in the case of the system represented by the CF(3). Since the only difference between them is a number of cells of approximately similar size (compare Figure 1) , then the ratio of the amount of information in the fractal cellular systems represented by the CF(3), CF(6 + 0), and CF(6 + 1) is like 1 : 1.94 : 2.64. This ratio is similar to the ratio of entropy measured for the complexity classes C1, C4 or C7. Both increase almost linearly. Figure 4 shows a distribution of entropy in the subset of prostate carcinomas representing all classes of equivalence.
It should be noticed that the circular fractals in Figure 1 belong to a class of selfaffine fractals. Their topology can also be described with a finite amount of information. In particular, the fractals CF(6 + 0) and CF(6 + 1) possess the identical topology. Indeed, if
for j = 1, . . . , m, map the entire circular fractal F to F i and f
then all neighbor contracting maps are translations [22, 1] .
For the hexagasket shown in Figure 1E , the mappings are given by the equation
for j = 0, 1, . . . , 5; b = exp iπ/3. In the case of the septagasket presented in Figure 1F , the basic structure of the neighbor graphs do not change, however, a few more labels must be added. Thus, topology of both gaskets remains identical. This finding suggests that the corresponding cellular systems in carcinomas of the complexity class C4 up to C7 may also originate from the same or very similar dynamics generated by the same dynamic forces, despite the fact that there are some structural differences between those carcinomas. In particular, carcinomas of the class C4 form still some very small clusters of malignant cells called pseudoglands. Carcinomas of the class C7 have cellular infiltrates without any gland architecture. It might be expected that the difference in metastatic potential of malignant cells present in both kinds of carcinomas is not so large. Therefore, carcinomas of the class C4 up to C7 might be classified by pathologists to a single category of high-grade carcinomas with the increased risk of metastasis formation. This information denotes that urologists may expect an aggressive course of the disease, and, therefore, the particular cancer patient must be treated aggressively and without a delay from the very beginning. Topology of the fractal CF(3) or CF(4) is different. Those fractals have also lower amount of missing information, and, therefore, are less complex. Those features correlate well with a relatively slow dynamics of the disease. Carcinomas of the classes C1, C2, or C3 might be good candidates for the program of active surveillance, and do not need to be treated immediately.
Conclusion.
Both a proper risk assessment and a choice of the best strategy in treatment of prostate carcinomas are hot topics in tumor pathology or oncological urology since many years. Results of this study suggest that the detailed classification of prostate carcinomas based on their glandular architecture is too complicated. Human eye and mind are not able to evaluate in an accurate manner many differences in details between different carcinomas, what is a main source of a high inter-and intraobserver variability. Therefore, this classification should be simplified. The results indicate that this simplification is possible, and will offer a better clinical stratification of patients.
First, the circular fractal model of adenocarcinomas that is both geometrical and analytical can be used to select and calibrate the best software for the image analysis.
Second, the complexity measures of the spatial distribution of cancer cell nuclei allow the objective classification of the carcinoma cases in the classes of equivalence. Third, the mean value of the global capacity fractal dimension D 0 defines a limit between those prostate carcinomas that may be followed up without a need for the aggressive treatment, and those high-risk carcinomas that must be treated immediately. This value is 1.5820.
Third, the circular fractal model has been validated in this study by using a large set of prostate carcinomas. The complexity classes based on that model have a limited amount of information. Their complexity changes in a linear manner as shown by the changes of entropy S in a linear function of the D 0 with the coefficient of correlation 0.904. The values of entropy S determine the direction of the natural course of disease. Also, this validates the model in the independent way. Fourth, the model is of universal nature, and can be applied to stratify any cancer with glandular structure. Geometry of the spatial distribution of cancer cell nuclei in adenocarcinomas growing in different organs can have similar values of fractal dimensions, e.g., prostate, stomach, colon or thyroid carcinomas. Yet, the course of those diseases is very different. Apparently, biological tumor aggressiveness is not the only factor that determines biology of adenocarcinomas.
